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ABSTRACT
Feasibility Study of Custom Manufacturing of Ionic
Polymer-Metal Composite Sensors
By

Shelby E Nelson

Dr. Kwang J. Kim, Committee Chair
Southwest Gas Professor of Energy & Matter
Department of Mechanical Engineering
University of Nevada, Las Vegas (UNLV)

The ability to create an ion exchange membrane with any shape or thickness through custom
manufacturing techniques is highly desirable in ionic polymer-metal composite (IPMC) research.
This is caused by the poor selection and limited availability of certain thicknesses of commercial
ion exchange membranes. The objective of this study is to determine the feasibility of
manufacturing custom ion exchange membranes for IPMC sensors. The manufacturing methods
used in this study are extrusion, injection molding, and hot pressing. A commercial membrane
from Golden Energy Fuel Cells (GEFC) is used as a comparison. After the membranes are
fabricated, certain properties of the membranes are tested throughout each processing stage to
determine if they are suitable to be developed into IPMCs. The three processing stages are preactivation, activation (hydrated and dehydrated), and IPMC. It was observed that the stiffness of
the membranes increased from pre-activation to activation and decreased from activation to
IPMC. A more flexible membrane in an IPMC allows for larger cation displacement within the
membrane. The extruded and injection molded membranes showed the most potential with
having the lowest stiffness of all the samples; however, they were not able to be made into
iii

IPMCs due to repeated membrane failures in the primary plating process. Gas accumulated
between the layers that formed in the membranes due to the extrusion and injection molding
cooling process during manufacturing. The hot pressed membrane was the only custom
manufactured membrane to be fully processed into an IPMC. The hot pressed and GEFC IPMC
sensors were operated at 1 Hz, 5 Hz, and 10 Hz frequencies with the GEFC IPMC producing the
strongest output voltage signal. While the extruded and injection molded membranes showed
potential to become IPMCs with their high water uptake percentage, high ion exchange capacity,
and low stiffness, more development is needed within the manufacturing process to make a
uniform sample that does not fail during chemical processing.
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CHAPTER 1: Introduction and Objectives
This chapter explains the fundamentals of ionic polymer-metal composites
(IPMC). The metal electrode and polymer membrane are the two main components of the
IPMC. The structure of both is explained as well as how they function together as an
IPMC sensor. The commercial availability of the ion exchange membrane is also
explored, as well as the typical manufacturing methods of the membrane when a
commercially available option is not suitable. Finally, research objectives and thesis
organization is explained at the end of the chapter.
1.1 Ionic Polymer Metal Composite Fundamentals
Ionic polymer-metal composites (IPMC) are a type of electroactive polymer smart
material which can be controlled as either a soft actuator or sensor device. Unlike their
piezoelectric ceramic counterparts, IPMCs are known for their low operating voltage (< 4
V), high strain rate, and the ability to operate in water [1]. These qualities give IPMCs a
high potential for use in biomimetic applications such as in artificial muscles as well as in
fluid flow sensor applications.
The main component of an IPMC is the electroactive polymer membrane.
Although there are several different ion exchange membranes available, such as
Flemion®, the most common membrane used in IPMCs is Nafion®, a perfluorinated
polymer, which will be used in this thesis project. The hydrophobic backbone structure of
Nafion® is similar to Teflon® giving the polymer its mechanical strength. However, its
hydrophilic side chains are short and are terminated by sulfonic acid groups [2, 3]. A
diagram of the Nafion® chemical structure can be seen in Figure 1.1. The positively
charged hydrogen ion attached to the sulfonic acid group is mobile within the membrane
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and is balanced by the fixed anionic side chains. This hydrogen cation within the
membrane can be exchanged with other common cations used in IPMC membranes such
as lithium, sodium, and potassium [4].

Figure 1.1: Nafion® chemical structure in acid form. Diagram inspired by [5]
Along with an electroactive polymer membrane, an IPMC also consists of metal
electrodes electrochemically plated on the surface of the membrane. Although palladium
and other conductive metals [6, 7] as well as nonmetals [8, 9] have be used as the IPMC
electrodes, research points towards platinum or gold as being the best electrode for IPMC
performance due to the higher surface conductivity and electrochemical stability [1, 10].
Due to this finding, platinum is used as the electrode for the IPMC for this thesis project.
The highly conductive platinum electrode and the hydrated Nafion® membrane
work together allowing an IPMC to function. When an electric potential is applied to the
electrodes plated on the surface of the Nafion®, the hydrated mobile cations inside the
membrane are pulled toward the cathode due to its negative charge. They travel through
the stationary anionic tunnels created by the polymer side chains. As the cations migrate
to one side of the membrane, the water molecules attached to them are also dragged along
with them. Due to the cation concentration and swelling from the water molecules at one
side of the membrane, the membrane swells causing the IPMC to bend towards the anode
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[11, 12]. This voltage can be controlled and reversed to make the IPMC bend in the
opposite direction. This is the principle of IPMC actuation.
IPMCs are unique in that they can also function as sensors. If one end of the
IPMC is fixed and a force is applied to the other end, the cations inside the membrane are
forced to move from one side to the other which produces a charge that can be sensed on
the electrode. This charge can be read as voltage and amplified to produce a readable
signal. Figure 1.2 illustrates the main principle of IPMC sensing motion. Figure 1.2(a)
shows the side view of the IPMC membrane. The platinum layers are represented by the
thick gray lines on the top and the bottom. The polymer matrix is represented by the
green lines. The polymer matrix consists of the polymer backbone and side chains. The
anions represented by the black circles are fixed throughout the polymer matrix. The
hydrated mobile cations represented by the blue circles are scattered randomly
throughout the polymer. They are not attached to anything.
Figure 1.2(b) illustrates the IPMC sensor in motion. A displacement is applied to
one end of the IPMC sensor which causes a bending deformation. The cations are forced
to move from where they were originally. They do not move as much as they do during
actuation, but they do move a certain distance that is dependent upon the frequency of the
applied displacement. At a lower frequency, the larger the distance the cations move.
When the frequency is high, the cations do not move as much, and the anions, which are
fixed to the backbone of the polymer, are now the dominant force in the charge.
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Figure 1.2: Cation migration in IPMC sensing
1.1.1 IPMC Sensor Applications
Most of the IPMC sensor applications are used in flow displacement sensing. Lei
and coworkers have researched small IPMC beams to be used as cilia for flow sensing
[13]. Dominik and others have researched the ability of IPMC sensors to sense
displacement when oriented in a sensor array [14]. Zhong and others have also researched
IPMCs as sensors in pulsing flow applications [15].
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Another interesting application of IPMC sensors is in the research carried out by
Griffiths [16] where an IPMC was used as a bio-acoustic sensor to sense cardiac sounds
and vibrations in the body, similar to a stethoscope. Also IPMC was used in a seismic
sensor application prototyped by Ando and coworkers [17]. A cantilever IPMC sensor
was immersed in ferrofluid. When the viscosity of the ferrofluid is increased by an
applied magnetic field, the response of the IPMC sensor and its resonance frequency
decreases. The goal of this research was to use this device as a tunable sensor in seismic
applications.
1.2 Ion Exchange Membrane
An ion exchange membrane is a polymer membrane that allows the transport of
ions when the membrane is hydrated. The ion exchange membrane is the base material of
an IPMC. There are many different types of ion exchange membranes. Nafion® and
Flemion® are two popular choices for the ion exchange membrane used in IPMCs. There
are also other variations of these polymers that can be used. In this thesis, Nafion® will be
used because of its ease of availability to this lab.
1.2.1 Commercially Available Nafion® Membranes
DuPont™ is the leading supplier of Nafion® products. DuPont™ offers
prefabricated Nafion® ion exchange membranes of various thicknesses. These membranes
are typically used in the fuel cell industry [18]; however, they are still very well suited for
IPMCs. DuPont™ also offers Nafion® precursor pellets and liquid Nafion® dispersions of
various concentrations.
DuPont™ Nafion® precursor pellets can be purchased from Ion Power, Inc, an
official DuPont™ distributor. Since these pellets are in the sulfonyl fluoride (SO2F) form,
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they can be used to melt and form into different geometries through manufacturing
processes such as extrusion for example. In order for these pellets to have cation
exchange properties, they must be chemically altered [19]. More methods of using
Nafion® precursor pellets in custom manufacturing membranes will be discussed in the
next section.
Prefabricated Nafion® membranes are limited to certain geometries. Ion Power,
Inc offers extrusion-cast non-reinforced and reinforced dispersion-cast Nafion® sheets
ranging in thicknesses from 0.025 mm to 0.254 mm. A summary of the available
DuPont™ Nafion® sheets that can be purchased from Ion Power are shown in Table 1.1
[20]. Dispersion-cast Nafion® membranes are manufactured from a liquid polymer
dispersion while the extruded Nafion® is extruded through a die.
Table 1.1: Commercially available Nafion®sheets that can be purchased from Ion
Power, Inc [20]

DuPont™ Nafion® Sheet (Ion Power, Inc)
Model
Number
NR-211

Dry Thickness
(mm)
0.025

Manufacturing
Process

NR-212

0.051

Dispersion-Cast

N 115

0.127

Extrusion

N 117

0.183

Extrusion

N 1110

0.254

Extrusion

Dispersion-Cast

Another ion exchange membrane similar to Nafion® that was readily available in
the lab is available for purchase from Golden Energy Fuel Cells (GEFC). GEFC produces
a variety of membranes on the thicker range from about 0.5 mm to 0.7 mm. The
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thicknesses in one single sheet varied 0.2 mm due to the casting method used. For this
thesis, GEFC was chosen as the commercial membrane due to its large thickness.
1.2.2 Custom Fabricated Membranes
Some applications require membranes with different geometries (i.e. thickness)
than what is available commercially. Custom manufacturing of Nafion® membranes
allows more options and flexibility when trying to produce a more complicated shape.
Depending on the fabrication process and the desired shape, existing Nafion® membranes
or Nafion® precursor pellets can be used to produce a custom membrane.
1.2.2.1 Typical Methods
Several researchers have been using solution casting to fabricate custom Nafion®
thin sheets [23–27]. Solution casting involves using a commercially available Nafion®
liquid dispersion, pouring it into a mold, and allowing it to dry under a controlled
environment. The result is a very thin sheet membrane. The downside to this method is
that it takes a significant amount of Nafion® liquid dispersion and several repeats of the
process to get a thick membrane. It is also difficult to control the resulting thickness of
the membrane. Because of these downsides, solution casting was not attempted in this
thesis.
Another custom sheet membrane fabrication process used by researchers is hot
pressing [26, 27]. Hot pressing involves taking existing membranes and placing them in a
heated mold while applying pressure to laminate them together creating a thicker
membrane. Researchers are attracted to hot pressing to make custom membranes because
it allows more control in the resulting membrane thickness.
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Extrusion is another fabrication process used mainly to manufacture Nafion®
tubes [28, 29]. Nafion® precursor pellets are heated up in a cylinder and a piston forces
the molten pellets through a die. The result is a continuous Nafion® strand with a uniform
cross-section. The strand will require additional chemical processing to convert it into an
ion exchange membrane.
1.2.3 Characterization
Understanding the properties of the membranes used in IPMCs as well as
knowing the properties of the membranes after they have been processed into IPMCs is
important. Some research has been done in characterizing membranes after they have
been processed into IPMCs [30–32]. There has also been work done to find the
mechanical, thermal, chemical and other properties of different commercial membranes
[33] as well as custom manufactured membranes before they have been processed into
IPMCs [32]. There is also data available the DuPont™ website outlining the different
properties of their extruded-cast membranes. With all these properties available, there is
still lack of properties known between the processing stages, especially for the Nafion®
precursor (pre-activated) stage.
1.3 Research Objectives and Thesis Structure
The main objective of this thesis is to fabricate custom Nafion® sheet membranes
by extrusion, injection molding, and hot pressing. The custom fabricated membranes will
undergo a series of property tests throughout each processing stage with the final stage
being an IPMC. This thesis will provide mechanical, thermal, chemical, electrical and
surface properties throughout each processing step. The resulting properties from the
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custom manufactured membranes will be compared to a commercial membrane (GEFC)
that will undergo similar processing and testing.
This thesis is organized into five chapters with the first being an introduction to
the fundamental concepts. The second chapter discusses in detail the custom
manufacturing methods used to create membranes for this thesis. The third chapter
discusses the procedures of the tests used to determine the membrane properties. The
results are also discussed. The fourth chapter discusses the procedure and results of the
samples undergoing IPMC sensing. The fifth and final chapter concludes this thesis and
discusses the suggested future work for the next researcher involved.
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CHAPTER 2: Custom Membrane Fabrication and Processing Techniques

2.1 Custom Membrane Fabrication
The following section explains the custom membrane fabrication techniques used
in this thesis. A membrane thickness of 0.5 mm was the thickness chosen for the
membranes of this thesis because it is easier to injection mold a thicker membrane. The
thickness was limited by the injection molding process because it would require a large
amount of pressure to injection a very thin sheet. A mathematical model is provided for
each method to explain the underlying physics occurring during the processes. The
custom fabrication processes chosen for investigation for this thesis are extrusion,
injection molding, and hot pressing. Solution casting was not chosen due to material cost
to produce a large enough sample to be tested.
2.1.1 Extrusion
The extrusion process involves forcing a molten polymer, the extrudate, through a
die to form a continuous piece of a constant cross-section that is determined by the shape
of the die. The following sections describe the process developed to successfully extrude
Nafion® strips.
2.1.1.1 Process Design and Set-Up
The machine used to extrude the samples is the Galomb Model E benchtop
injection molder shown in Figure 2.1. This injection molder was modified from its
original injection molding set up to extrude samples as well. The injection molder
provides a convenient way to extrude polymer at a controlled temperature.

10

Figure 2.1: Galomb Model E benchtop injection molder machine with labeled parts.
The machine was modified to use in the extrusion of samples. This machine has a
maximum processing temperature of 315°C, a dual display temperature controller,
and a 17g plastic capacity.
A couple of major factors in the extrusion process are the pressure inside the
extrusion chamber and the die swell. The pressure in the extrusion chamber can be
determined by finding the cross-sectional area of the plunger. A free body diagram was
drawn to figure out the force going into the plunger. This diagram is shown in Figure 2.2.
The force applied to the plunger, Fp, is found by the sum of moments around point O. The
resulting equation is a multiplication of the force applied at the end of the lever.
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Figure 2.2: Force body diagram of plunger handle. The use applies the force, Fa, on
the cantilevered end. The force applied is multiplied by a factor of 4.2 directly into
the axis of the plunger.
∑ 𝑀𝑂 = 𝐹𝑎 (𝐴 + 𝐵) − 𝐹𝑝 𝐴 = 0
𝑭𝒑 =

𝑨+𝑩
𝑭𝒂
𝑨

(2.1)
(2.2)

where,
𝐹𝑎 = 22.25 𝑁(5 𝑙𝑏)
𝐴 = 0.075 𝑚 (2.95 𝑖𝑛)
𝐵 = 0.240 𝑚 (9.45 𝑖𝑛)
𝐹𝑝 = 4.2𝐹𝑎
= 93.45 𝑁 (21.0 𝑙𝑏)
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(2.3)

A force of about 22.25 N (5 lb) applied at the end of the lever, Fa, was required to
start the flow of polymer melt through the orifice. This force was determined by trial and
error. A weight was hung on the end of the lever handle until the polymer was pushed
through the die at a constant rate. Through lever multiplication, the force at the plunger is
4.2 times greater than at the end of the lever.

Using the force calculated, Fp, with the

area of the piston, Ap, the pressure in the extrusion chamber required to extrude the
polymer can be calculated
𝑃=

𝐹𝑝
𝐴𝑝

(2.4)

= 0.472 𝑀𝑃𝑎 (68.5 𝑝𝑠𝑖)
where,
𝐴𝑝 = 1.98𝑒 −4 𝑚2 (0.307 𝑖𝑛2 )
Another factor to consider in the design of the extruder die is die swell. Die swell
is when the polymer expands to a larger cross-section after it is forced through a smaller
orifice. This is due to viscoelastic nature of the polymer. The extruding chamber is a
much larger cross-sectional area than the die orifice. As the polymer is forced into the
much smaller orifice, it still maintains the compressive stresses after it is extruded
through the orifice. That is why the polymer expands after it is extruded [34]. Figure 2.3
illustrates the die swell concept.
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Figure 2.3: Die swell diagram. The polymer remembers its shape before the orifice
due to viscoelastic effects. Diagram inspired by [34].
The intended thickness of the final extrudate was 0.50 mm. That means that the
die orifice needs to be smaller than the final desired extrudate. The thickness of the die
orifice used in this study was found by trial and error to result in a membrane that is 0.5
mm thick. Die swell can be expressed with the following equation.
𝑟𝑠 =

𝐷𝑥
𝐷𝑑𝑜

(2.5)

Where rs is the swell ratio, Dx is the diameter or thickness of the extruded cross-section,
and Ddo is the diameter or thickness of the die orifice. The die swell is hard to predict and
is calculated after the polymer is extruded. The amount of die swell is also affected by the
length of the channel that the polymer travels through. A short channel will increase the
die swell because the polymer does not have enough time in the channel to reduce the
unrelaxed stresses in the cross-section [34].
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An average membrane thickness was taken to be 0.60 mm and was substituted for
Dx in the equation. The thickness of the slot was 0.35 mm and was substituted in for D d in
the equation. The resulting die swell ratio for the extruded sample is 1.71. The extrudate
expands 1.71 times greater than the thickness of the die orifice.
2.1.1.2 Die and Adapter Design
As mentioned above, the injection molder was modified to be an extruder. This
was done by replacing the injection molder nozzle with a custom adapter that fits the
extruder die. A SolidWorks rendering of the adapter can be seen in Figure 2.4. The total
length of the adapter was about 31.75 mm (1.25 in). Section A fits into the injection
molding chamber and is sealed with an O-ring. The extruder die fits over section B and is
held in place with a set screw.

Figure 2.4: SolidWorks rendering of the extruder die adapter. This part replaced
the injection molder nozzle and outfitted the injection molder machine to an
extruder.
The extruder die was designed to extrude the polymer with a rectangular crosssection. Since the slot was so small (0.35 mm), machining the slot was a challenge. An
end mill that small is expensive and difficult to use without breaking it. A 0.014 in thick
jeweler’s slitting saw purchased from McMaster-Carr Supply Company was used to cut
the slot.
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A sketch of the final design with dimensions is depicted in Figure 2.5 (a) and (b).
The final product was made out of brass for its machinability and its ability to maintain
heat. Figure 2.6 is an optical microscope photograph of the die orifice. The die orifice has
a rough surface that will affect the surface structure of the extruded membranes.

Figure 2.5: (a) SolidWorks sketch with dimensions of the extruder die, (b)
fabricated extruder die made out of brass

Figure 2.6: Extruded die orifice zoomed to 1000X using the optical microscope
2.1.1.3 Process Procedure
The brass extruder die slips over the end of the injection molder-extruder die
adapter. A set screw in the extruder die tightens the die onto the adapter. The stock
injection molder nozzle must be switched with the custom brass extruder nozzle adapter
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assembly. This is an easy switch that requires an hex key. Once the appropriate
equipment is installed on the injection molder, the machine may now be allowed to warm
up.
With both the temperature control unit and the injection molder being turned on,
the temperature is set to 220°C. This temperature was determined by trial and error. This
was found to be the best temperature where the Nafion® precursor beads were able to
easily flow, yet it is still low enough for them to not degrade. The injection molder
chamber is allowed 10 minutes for it to be fully up to temperature. Once the temperature
in the injection molder chamber has reached a steady state, the Nafion® precursor pellets
are poured into the open end of the injection molder chamber. Apply a small force on the
added pellets with the plunger to ensure that they are packed firmly in the bottom of the
chamber.
The Nafion® precursor pellets will start to become soft and gooey after about 1015 minutes. Once this occurs, the plunger applies another small force to the polymer melt
in the chamber in order to fill the empty spaces in the extruder adapter and die. More
pellets should be added to compensate for the filling of the extruder adapter and die. A
small force was applied incrementally to the polymer melt with the plunger until the
Nafion® was seen to extrude from the outside of the extruder die. Tweezers were used to
snip off the excess polymer that flowed from the die.
Once the Nafion® precursor pellet melt begins to flow out of the die easily, the
plunger was pressed onto the polymer melt with a small force until the polymer started
flowing from the extruder die. This force was firm and constant, and it was about the
force of a hand resting on the plunger handle. Tweezers were used to grab the beginning
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of the polymer as it started flowing from the extruder die. The tweezers were used to
gently guide the extrudate as it was extruded from the die at a constant pace relative to
the speed of the extrudate exiting the die.
Once the desired length of the extrudate was reached (about 50 mm), the force
was let off the plunger to stop the flow. The tweezers were used to pinch off the extrudate
resulting in a strip of Nafion® pre-activated membrane about 15 mm wide, 0.48 mm 0.70 mm (depending upon the sample and pulling rate from the tweezer guides), and
about 50 mm long.
The duration of the Nafion® precursor pellet extrusion must be done all at one
time and quickly. If the Nafion® precursor pellet melt sits in the extrusion chamber at
temperature for too long, it will start to turn brown and start to degrade which could leave
contaminants in the membrane.
2.1.1.4 Results
The resulting membranes that were extruded can be seen in the photograph in
Figure 2.7. The thicknesses of the membrane ranged from 0.48 mm to 0.69 mm. This
range was due to the rate at which the extrudate was guided out of the orifice with the
tweezers. Human error contributed to the range in thicknesses. The bottom is noticeably
thicker than the top. Both are within the range mentioned above. The marks on both ends
of the polymer are from pinching the polymer with the tweezers to guide and remove it
from the die. The surface of the membranes has small grooves that run lengthwise that
are from the rough surface of the die orifice.
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Figure 2.7: Extruded membranes
2.1.2 Injection Molding
The process of injection molding involves a molten shot of polymer being
forcibly injected into a mold cavity. The mold cavity is allowed to cool and the part is
extracted from the mold cavity to yield the final solid polymer part. The following
sections explain the injection molding process developed in this study.
2.1.2.1 Process Design and Set-Up
The same machine that was used for the extrusion process is used for the injection
molding process. The photograph in Figure 2.8 is of the same machine but in a different
orientation and nozzle set up. The photograph shows the machine set up and ready to use
in the lab.
The injection molder that was used is a hand operated machine used for hobby
enthusiasts. In a production environment in the industry, the machines are much different.
They operate at very high pressures and are fed by a screw that melts polymer beads and
increases the pressure as it churns. Since the injection molder used in this study is hand
operated, the limiting factor in injection molder is the injection pressure. Injection
molding pressures in industrial applications range in the 20,000 psi range and beyond. A
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high pressure is required to successfully inject small, thin parts because of the cooling
effects of the mold and the viscosity of the polymer melt.
The pressure produced in the benchtop injection molder is calculated in the same
fashion as in the extrusion experiment in the previous section. The only factor that
changes is the force applied to the lever. It is assumed that a force of 667.2 N (150 lbf),
the body weight of an average person, was applied at the end of the lever. The resulting
pressure produced in the chamber is 14.15 MPa (2052 psi). This pressure is much less
than the pressure produced in industrial applications.
To increase this pressure, there are a few options. A larger force must be applied
to the end of the lever. The magnitude of this force may be limited due to the ability of
the operator. Another option is to increase the lever length. This will increase pressure
slightly, but the speed at which the operator can inject is limited due to the large stroke of
the extended lever. The final option is to decrease the area of the plunger and cylinder,
thus increasing the pressure inside the chamber. This is a viable option, but it was not
developed during this study. However, the idea is explored further in Appendix B.
2.1.2.2 Injection Mold Design and Fabrication
An injection mold was custom designed and fabricated for use in this study. The
design is depicted in Figure 2.8. The way the injection mold handles the pressures
produced in the mold and the distribution and flow of the polymer melt is key to the
success of the injection mold design. In the mold design pictured below, the sprue is kept
short to reduce the initial pressure loss. The runner allows the plastic to quickly be
distributed along the whole length of the mold. The cavity depth in this design is 0.5 mm.
Considering the high viscosity of the polymer melt, the 0.5 mm depth may prove difficult
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for the polymer to enter when injected. The air vents that are about 0.001 in deep are
placed at the top half of the mold to allow air to evacuate as the polymer fills the cavity
from the bottom up. It is nearly impossible to inject the polymer without these vent holes.

Figure 2.8: SolidWorks rendering of the mold designed with labeled parts.
The mold was machined out of aluminum because of its machinability and
availability. In industrial applications, the mold is usually made out of steel because it is
more durable through the many injection cycles in a manufacturing environment.
Aluminum is acceptable to use in this application because of the small quantities of
injections required. The mold was fabricated on the CNC mill, and both halves are
photographed in Figure 2.9.
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Figure 2.9: Injection mold fabricated out of aluminum; (a) mold half containing the
mold cavity, (b) opposite mold half with runner
2.1.2.3 Processing Procedure
The injection molder was preheated to 250°C. This temperature was chosen by
trial and error so that the Nafion® precursor pellet melt was flowing enough to be injected
into the mold. Nafion® precursor pellets were poured into the injection mold chamber.
The pellets were left in the chamber for 15 minutes until they became soft and gooey.
The plunger was gently pressed on the polymer melt to fill the air gap in the extruder
nozzle and to compact the pellet melt. More pellets were added to the chamber at this
time. The plunger was used to purge plastic out of the injection molder nozzle. Once the
polymer melt flowed easily through the nozzle, the excess was scraped off, and the
injection molder was ready for use.
The preheated injection mold at 275°C was aligned in the vice of the injection
molder. This temperature was chosen by trial and error because it showed good results of
the polymer flowing into the mold. The vice was tightened to securely hold the two mold
halves together. A handle extension bar was placed over the plunger handle to apply
more leverage. The handle was rapidly and forcibly pressed then released with the entire
weight of the operator (about 150 lb). This action injects the polymer into the mold at a
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quick rate in order to combat cooling of the polymer on the mold walls. There is a high
variability with rate and force due to the fact that the injection molder machine is
manually operated. This inconsistency may be seen in later property tests of injection
molded membranes.
After the polymer was injection into the mold, the mold was released from the
vice and was cooled under running tap water. Once the mold was cool to the touch, the
mold halves were separated and the part was removed from the mold.
The process described in this section was the product of trial and error
experimenting to achieve the best injection mold results with the given set-up. One must
be careful not to leave the polymer melt in the heated chamber for a long time. It will
start to degrade and turn the Nafion® precursor melt brown which leads to contamination
in the membrane and future complications during processing.
2.1.2.4 Results
The injection molded samples are pictured in Figures 2.10(a) and (b) below. The
injected Nafion® did not fill the mold cavity in its entirety. This was due to the rapid
cooling of the polymer in the very small (0.5mm thick) injection cavity in the mold. It is
difficult and requires a lot of pressure to perform a successful injection mold at this size.
Appendix B discusses an alternative solution in the design of the injection molding
chamber to increase this pressure.
The resulting membrane after injection can be seen still in the mold in Figure
2.10(a). Figure 2.10(b) is the part removed from the mold. The thickness of this
membrane is 0.5 mm. The membranes produced by injection molding are very consistent
throughout the whole membrane due to the constant thickness of the mold. Notice how
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the polymer did not fill the entire mold. It has difficulty filling the mold that is furthest
away from the gate. This is due to the lack of pressure and the polymer cooling off too
quickly.

Figure 2.10: (a) injection mold containing molded membrane right after injection,
(b) molded membrane removed from mold
2.1.3 Hot Pressing
Hot pressing is the process of heating up multiple layers of membranes in a heated
mold and applying pressure to fuse them together into a single membrane. This process is
common to manufacture IPMC membranes of different thicknesses because of its
simplicity. In the following sections, the mold design is explained, and the processing
procedure is outlined. The results of this method are shown in the last section.
2.1.3.1 Mold Design
The mold design for hot pressing is very simple. The bottom half of the mold
contains the spacer and the top plate. A 0.6 mm thick spacer is inserted in the bottom half
to space up the top half. This determines the thickness of the material being hot pressed.
Figure 2.11 shows the stainless steel mold halves. Figure 2.11(a) is the bottom half of the
mold with the spacer placed into the cavity.
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Figure 2.11: Stainless steel hot press mold with spacer (both halves pictured)
2.1.3.2 Processing Procedure
Hot pressing is a very simple process that is developed by trial and error. The
press was preheated to 180°C while the Nafion® samples were prepared. This
temperature was chosen based off of another research work [26]. Two pieces of Nafion®
N1110 with thicknesses of 0.25 mm were cut to fit in the square section of the spacer.
The membranes were cut 2 mm short on all four sides to allow the membranes to expand
when pressed. Two pieces of polyimide film were cut to the same dimensions as the
Nafion® membranes. The membranes were stacked on top of each other with the
polyimide film on each side. The polyimide film was used so the Nafion® would not stick
to the surface of the mold after it was pressed. Polyimide has a higher melting
temperature. The stack of film and membranes were placed in the mold, and the mold
was placed on the preheated press. The preheated press is photographed in Figure 2.12.
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Figure 2.12: Carver, Inc. (Model # 3851-0) heated press used to press the mold
halves together
The press was adjusted so that the top half of the press was touching the top mold
half with minimal pressure applied. The mold was allowed to sit on the press and heat up
for 20 minutes. After the 20 minutes of heating, the pressure of the press was increased to
15 metric tons. The mold was allowed to sit under pressure and heat for 10 minutes. The
pressure was released and the mold was cooled under running tap water until it was cool
to the touch. The mold halves were separated and the new membrane was removed from
the mold. The polyimide film was peeled off of both sides to reveal a single membrane.
2.1.3.3 Results
The resulting membranes are shown below. The result is of uniform thickness of
0.48 mm. The membrane has gotten a lot darker due to the heat. There are also small
specks seen in the membrane from dirt particles. These dirt particles can be easily
cleaned out during processing.
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Figure 2.13: Hot pressed membranes from Nafion® N1110. Resulting average
thickness is 0.48 mm
2.2 IPMC Processing
The following sections describe the methodology of transforming the fabricated
membranes into IPMCs. The precursor membranes made by injection molding and
extrusion had to be activated before they were plated. The hot pressed and GEFC
membranes were already in the sulfuric acid form, so they went straight into cleaning
then primary plating.
2.2.1 Membrane Activation (Base Hydrolysis)
In its precursor form, Nafion® is completely hydrophobic. In order for it to be
used as ion exchange membrane, the membranes must be hydrolyzed to convert the SO2F
functional group to its acidic SO3H form.
The membranes are hydrolyzed in a base solution using potassium hydroxide
(KOH) and dimethyl sulfoxide (DMSO). Dimethyl sulfoxide is used as a swelling agent
in order to increase the reactivity of the hydroxyl ion [35]. A potassium hydroxide (KOH)
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and dimethyl sulfoxide (DMSO) solution is prepared. The solution is heated and stirred at
60°C. Once the solution is heated thoroughly, the samples are suspended in it. The
hydrolysis process begins on the outside layer of the membrane and works its way inward.
The outer layer swells allowing in more potassium and hydroxyl ions [35]. The
membranes should stay in the solution for a total of about 2-3 hours to allow the entire
membrane to become completely hydrolyzed. At this time, the SO2F function group was
chemically altered to SO3K form.
After activation, the membranes need to go through a cleaning stage to remove
impurities and to replace the potassium ion with the hydrogen ion. The membranes are
soaked in a heated 3% solution of hydrogen peroxide. Then they are transferred to a
heated 1M solution of sulfuric acid. Then the membranes are soaked in heated deionized
water twice to ensure there is no sulfuric acid residing in the membrane. At this point, the
membranes are now in its SO3H acid form. The membranes are now hydrophilic due to
the acid functional group.
2.2.2 Primary Plating
Primary plating is an impregnation-reduction reaction, and is performed on all the
activated membranes. Before the process can begin, the surface of the membranes must
be sanded in the direction perpendicular to the bending of the IPMC. Sanding the surface
will allow better water uptake and platinum adhesion to the surface. The membranes then
must be thoroughly cleaned using a the 3% heated hydrogen peroxide solution, 1 M
heated sulfuric acid solution, and the two baths of heated deionized water.
After the membranes are cleaned, they must be impregnated with platinum. This
is done by soaking the membranes in a diluted Pt(II) salt solution for four hours. After the
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membranes are done soaking up the platinum atoms, a reduction reaction pulls them to
the surface of the membrane. The reduction reaction consists of a sodium borohydride
and ammonium hydroxide solution heated to 60°C and stirred. The membrane is then
suspended in the solution for a total of 2 hours. Every half an hour 0.2 g of the sodium
borohydride is added to the solution to maintain the concentration level.
After the reduction reaction takes place, the membranes are cleaned in a heated
1M sulfuric acid solution and two baths of deionized water. This whole procedure is
referred to as primary plating. Primary plating is repeated 3 times.
2.2.3 Secondary Plating
After primary plating, the surface resistance should be checked with a multimeter. If the surface resistance reads less than 20Ω, secondary plating should commence.
Secondary plating is known as a chemical deposition reaction because it
chemically plates the membrane by depositing platinum on the outer surface. First, a
solution of platinum (II) salt and ammonium hydroxide is prepared and heated to 50°C.
Once the solution is thoroughly heated, 1ml of 20% wt. hydrazine monohydrate solution
and 2ml of 5% wt. hydroxylamine hydrochloride solutions are added to the Pt and
ammonium heated solution. Once these chemicals are added, the membrane must be
immediately submerged and suspended in the solution.
The membrane should remain in the solution for a total of 4 hours. Every half
hour hydrazine monohydrate and hydroxylamine hydrochloride are replenished to the
solution. After one hour, the temperature should be raised 1-2 degrees every at each
chemical replenishment. The final temperature should be at 60°C. After four hours, the
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membrane is cleaned in a heated 1M solution of sulfuric acid and two baths of heated
deionized water.
After the secondary plating, the surface resistance should be checked with a
multi-meter. If the multi-meter is less than 20Ω, then the plating process is complete. If
not, the secondary plating process should be repeated. Care should be taken not to plate
the membranes with too much platinum because that will make the membrane too stiff.
2.2.4 Ion Exchange
The plated membranes should be submerged in a 1M solution of lithium chloride
for 24 hours to exchange the hydrogen ion with lithium. The lithium ion is used because
the lithium ion transports better than the hydrogen ion [28].
2.2.5 Results
The GEFC and hot pressed membranes are photographed in Figure 2.14. The
membranes were cut into 5 mm x 25 mm strips. The extrusion and injection molding
samples did not survive the plating processes. Large bubbles formed in the membrane
during cleaning and plating. More about this failure is explained in Appendix B.
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Figure 2.14: IPMC samples cut to 5 mm x 25 mm strips. (a) hot pressed IPMC strips
(b) GEFC IPMC strips
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CHAPTER 3: Characterization, Results, and Discussion

3.1 Water Uptake
Water uptake is a percentage of the amount of water that the membrane absorbed.
More absorption of water means that the mobile cations will be able to transfer favorably
through the membrane while pulling along water molecules. The more mobile hydrated
cations there are in the membrane, the more the membrane will deform during actuation
as an IPMC and a better voltage signal will be produced as a sensor. The consequence of
a high water uptake percentage is that the membrane will be stiffer.
An experiment to measure the water uptake of the activated membranes was
designed. The activated membranes were first prepared by sanding the surface of each
membrane perpendicular to the direction that the membranes would be bending in IPMC
sensing. The samples were then cut to 5 mm x 25 mm strips. Three samples of each
activated, hydrated membrane were soaked in deionized water for 24 hours prior to being
weighed. This was to ensure that the membrane was fully hydrated. Next, the samples
were prepared for weight measurement. Before each sample was weighed, the hydrated
sample was removed from its water storage container and was gently blotted with a Kim
Wipe to remove any noticeable water droplets on the surface of the membrane. This was
carefully done without absorbing too much of the water within the membrane. The
membrane was then placed on the scale and the mass was recorded.
After the mass of the membranes were recorded in their hydrated condition, they
were placed in an 80 °C oven to dry for 24 hours. Next, the dehydrated membranes were
placed on the scale again and the mass of each membrane was recorded. Using the mass
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of the membrane in its hydrated condition and the mass of the membrane in its
dehydrated condition, the water uptake percentage was calculated using Equation 3.1.
𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =

𝑀ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑 − 𝑀𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑
× 100%
𝑀𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑

(3.1)

The water uptake measurement was repeated for three different samples per
membrane. These measurements were averaged to one value and the standard deviation
and standard error were taken. Table 3.1 summarizes the results. The membrane with the
highest water uptake percentage was the hot pressed membrane at 33.04% followed by
the extruded membrane, injection molded membrane, and finally the commercial GEFC
membrane. GEFC was not expected to have the smallest water uptake percentage. This
could be due to not roughening the surface of the membrane enough. Before any
processing is done to the GEFC membrane, the surface appears to be shiny and hard.
Without sanding this surface, the membrane absorbs water at a slower rate due to the
hydrophilic nano-channels in the membrane shrinking after being dried out. Since it will
take longer for the membranes to reabsorb the water, not roughening the surface of the
membrane enough could be causing the water uptake percentage to appear lower than
reality.
Table 3.1: Summary table for average water uptake % measurements taken of
activated membranes with the % change from GEFC
Water Uptake % Measurement of Activated Membranes
Fabrication
Process

Average
Water Uptake %

% Difference
from GEFC

Extruded

29.90 ± 3.46

134.72

Injection Molded

21.38 ± 4.29

67.86

Hot Pressed

33.04 ± 1.31

159.38

GEFC

12.74 ± 0.54

-
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The results from Table 3.1 are depicted in the bar graph in Figure 3.1 to visually
show the differences between the membranes. A standard error bar was placed on each
column to show the location of expected values of water uptake percentage. With the
extruded membrane having such a high error of ±3.46%, the upper range of this
membrane would be very close to the average range of the hot pressed membranes. This
suggests that it is possible that extruded membranes will perform as well as hot pressed
membranes when processed into IPMCs. This broad range in error suggests that the
surface preparation of the membranes, i.e. sanding the surface, is the cause of this
discrepancy. Although each membrane was sanded in the same direction and for the same
duration of time, some surfaces allowed more water inside the membranes while others
did not. This error is due to human error in the sample preparation. Overall, the
membrane with the highest water uptake percentage is the hot pressed manufactured
membrane.
The GEFC membrane has the lowest water uptake percentage. This is due to
inadequate sanding of the surface of the membrane. Sanding the surface of the membrane
creates a rough surface that water is better able to penetrate through. If the GEFC was left
in the water for a longer duration, the results will be much higher.
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Average Water Uptake % of Activated Membranes
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Figure 3.1: Average measured water uptake % of all activated membranes
3.2 Ion Exchange Capacity
Ion exchange capacity is a measurement of the amount of cations that reside
inside the membranes. It is measured in miliequivalents per gram (meq/g).
Miliequivalents are defined as the amount of substance required to combine with 1 mole
of hydrogen ions. The larger the number, the better the ion exchange capacity.
To find the ion exchange capacity, a titration was performed. The activated
membranes were first prepared by sanding the surface of each membrane perpendicular
to the direction that the membranes would be bending in IPMC sensing. The samples
were cut to 5 mm x 25 mm strips. The activated membranes were dried for 24 hours in an
oven at 80 °C. Next, the mass of each membrane was recorded. Then they were soaked in
20 ml of 1M solution of sodium chloride (NaCl) for 24 hours to exchange the hydrogen
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ion in the membrane with the sodium ion in the solution. After the ion exchange, the
membrane should have a sodium ion attached to the functional group, and the hydrogen
ion should be in the remaining solution bonded with the Cl ion as HCl and water. Since
the remaining HCl solution is acidic it can be titrated with a base to find the amount of
HCl in the solution. The remaining HCl solution was titrated with 0.01M sodium
hydroxide (NaOH) using phenolphthalein as the indicator. The NaOH neutralizes the HCl,
and the phenolphthalein indicates when the HCl is completely neutralized by changing
the color of the solution from clear to light pink. The titration was done on three samples
per membrane.
The results of the titration were substituted into Equation 3.2 to determine ion
exchange capacity.
𝐼𝑜𝑛 𝐸𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =

𝑉𝐶

(3.2)

𝑀𝑑𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑒𝑑

where V is the volume of the titrant (NaOH) in mL added at the equivalent point, C is the
molar concentration of the titrant, and Mdehydrated is the mass of the dehydrated membrane.
The values calculated for ion exchange capacity were averaged and the standard
deviation and standard error were also calculated. A percent change from GEFC was
calculated. A summary of the results is shown in Table 3.2.
Table 3.2: Summary of ion exchange capacity of activated membrane and % change
from GEFC membrane

Ion Exchange Capacity of Activated Membranes
and % Difference from GEFC
Fabrication
Process

Average IEC
(meq/g)

% Difference

Extruded

0.84 ± 0.23

121%

Injection Molded

0.87 ± 0.018

129%
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Hot Pressed

0.93 ± 0.003

121%

GEFC

0.39 ± 0.021

-

Similar to the water uptake percentage results, it appears that the commercial
membrane from GEFC has the lowest ion exchange capacity. Since ion exchange
capacity is similar to water uptake percentage, this lower value may also be due to the
surface not being properly sanded. When the membrane is dried out in the oven, the
hydrophilic nano-channels in the membrane shrink, and it takes longer for the membrane
to absorb water again. The membrane did not have enough time to absorb the NaCl and
properly exchange the hydrogen ion which was detected during the titration.
Figure 3.2 depicts the ion exchange capacity results visually in a bar graph. GEFC
is noticeably lower than the other three membranes. This may be due to the poor surface
sanding that was done on the GEFC before the experiment. As in the water uptake
percentage measurement, the ability for the membrane to absorb water is also diminished
because it is more difficult for the water to penetrate a smoother surface than a rougher
surface.
Error bars were added to Figure 3.2 to show the error in the samples. The
extruded samples had the most amount of error. This is due to the inconsistency in the
thickness of the sample in the extrusion process. The error bars of the injection molded
and hot pressed samples are very small and cannot be seen at this scale.
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Ion Exchange Capacity of Activated Membranes

Ion Exchange Capacity (meq/g)
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Figure 3.2: Ion exchange capacity found from activated membranes. GEFC* is the
value taken from the GEFC website [36].
3.3 Contact Angle
A contact angle measurement measures the resulting angle of a water droplet onto
a surface. This tries to quantify the hydrophobicity or hydrophillicity of the surface. The
contact angle is measured from the surface of the membrane to a line drawn tangent to
the water droplet surface. This measurement is depicted as θ in Figure 3.3.

Figure 3.3: Contact angle definition. The contact angle of a water droplet is
measured from the inside of the droplet outwards.
Hydrophobicity and hydrophilicity are classified into different degrees of wetting.
A higher degree of wetting where the contact angle is less than 90° indicates that the
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surface is more hydrophilic. A lower degree of wetting where the contact angle is greater
than or equal to 90° indicates that the surface is more hydrophobic. Table 3.3 summarizes
the degree of wetting based on the contact angle measurement.
Table 3.3: Degree of wetting of contact angle measurements. This table was taken
from Wikipedia [37].
Contact angle

Degree of Wetting
perfect wetting
(hydrophilic)

θ = 0°
0° < θ < 90°

high wettability

90° ≤ θ < 180°

low wettability
perfectly non-wetting
(hydrophobic)

θ = 180°

The OneAttension contact angle software by Attension was used to measure the
contact angle of the different surfaces from a photograph taken of the droplet on the
surface. The membrane was fixed on a glass slide using double sided tape. The surface
was lightly wiped with isopropyl alcohol to clean off any oils and residue that might
misconstrue the measurements. A tiny drop of water from the syringe was placed on the
surface of the membrane and a photograph of the surface was taken. The OneAttension
software analyses the photograph and outputs a contact angle for each side of the droplet.
The hydrated membranes were treated the same way except they were squirted with
deionized water to keep them hydrated, and then they were gently blotted to remove any
large water droplets on the surface. The contact angles were averaged to obtain a single
contact angle per membrane. This contact angle was used to classify the membranes into
the degree of wetting. A summary of these values is found in Table 3.4.
All of the surfaces of the activated hydrated membranes exhibited high wettability
with contact angles less than 90 degrees. The activated, dehydrated membranes exhibited
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higher contact angles and lower wettability. However, the injection molded sample was
border-line between high and low wettability with a contact angle of 88.79°. Even though
both sets of membranes were activated, the hydrated membranes exhibited more
wettability than the dehydrated membranes. This is due to the initial hydrophobic
properties of the activated, dehydrated membranes. The measurement was immediately
taken right after the drop placement on the surface. Since the measurement was taken
immediately after the drop was placed onto the membrane, the constricted hydrophobic
nano-channels were not captured absorbing water. If the measurement was taken a few
minutes later, the membrane would have absorbed the drop and the contact angle would
become less. When there is more water inside the membrane, the surface wetting
properties increase.
Table 3.4: Contact angle and degree of wetting summary table for all membranes
Contact Angle Measurement
And Degree of Wetting
Process
Stage
Pre-activated

Activated,
Hydrated

Activated,
Dehydrated

IPMC

Fabrication
Method

Average Contact
Angle (deg)

Degree of
Wetting

Extruded

83.66

high

Injection Molded

103.16

low

Extruded

61.29

high

Injection Molded

73.05

high

Hot Pressed

78.35

high

GEFC

60.40

high

Extruded

96.14

low

Injection Molded

95.94

low

Hot Pressed

88.79

high

GEFC

95.40

low

Hot Pressed

20.79

high

GEFC

38.73

high
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Figure 3.4 is a photograph of the droplet placed on the pre-activated extruded and
injection molded membranes. The extruded membrane is on the left and the injection
molded membrane is on the right. Table 3.5 summarizes the average contact angle of the
pre-activated membranes. The injection molded contact angle is about 23.3% more than
the extruded membrane meaning that the injection molded sample is more hydrophobic
than the extruded sample.

Figure 3.4: Pre-activated membrane contact angle photograph and measurements;
(a) Extruded pre-activated membrane, (b) injection molded pre-activated
membrane
Table 3.5: Pre-activated membrane contact angle summary and comparison to
extruded membrane

Pre-Activated Membranes Average Contact Angle
% Change from Extruded Membrane
Fabrication
Process

Average Contact
Angle (deg)

Degree of
Wetting

Extruded

83.7

High

% Change
from
Extruded
-

Injection Molded

103.16

Low

23.3%

Figure 3.5 is a photograph of the activated, hydrated membranes. The contact
angles are all at a high wettability. Table 3.6 summarizes the contact angles of each
membrane and the percent change from GEFC. The most hydrophilic of the activated,
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hydrated membranes is the GEFC membrane with the extruded membrane having a
contact angle of only 1.471% higher than GEFC. The least hydrophilic membrane is the
hot pressed membrane with a contact angle 25.88% higher than GEFC.

Figure 3.5: Activated, hydrated membrane contact angle photographs and
measurements; (a) extruded membrane, (b) injection molded membrane, (c) hot
pressed membrane, (d) GEFC membrane
Table 3.6: Summary table of activated, hydrated membrane contact angles and
comparison to GEFC with % difference

Activated, Hydrated Membranes
Average Contact Angle and % Change from GEFC
(GEFC = 60.40°)
Fabrication
Process

Average Contact
Angle (deg)

Degree of
Wettability

% Change
from GEFC

Extruded

61.29

High

1.471%

Injection Molded

73.05

High

18.97%

Hot Pressed

78.35

High

25.88%

GEFC

60.40

High

-
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Figure 3.6 is a photograph of the water droplet and contact angle of the activated,
dehydrated membranes. Table 3.7 summarizes the contact angles and shows a percent
change from the GEFC membrane. Most of the membranes, except the hot pressed
membrane, are only barely above 90° classifying them as low wettability. The most
hydrophobic membrane is the extruded membrane by about 0.7757% higher than GEFC.
The hot pressed membrane contact angle is also very close to the value of the GEFC
contact angle being only about 0.56% higher than GEFC. The extruded, hot pressed, and
GEFC membranes all have very similar contact angles. However, the injection molded
membrane has a contact angle that is about 7.2% lower than GEFC. This officially
classifies the injection molded membrane as a low wetting membrane, although it might
be more reasonable to consider it a transition membrane between low and high wetting.
Table 3.7: Summary table of activated, dehydrated membrane contact angle
measurements and comparison to GEFC
Activated, Dehydrated Membranes
Average Contact Angle and % Change from GEFC
(GEFC = 95.40°)
Fabrication
Process

Average Contact
Angle (deg)

Degree of
Wettability

% Change
from GEFC

Extruded

96.14

Low

0.776%

Injection Molded

88.79

High

-7.183%

Hot Pressed

95.94

Low

0.559%

GEFC

95.40

Low

-

43

Figure 3.6: Activated, dehydrated membrane contact angle photographs and
measurements; (a) extruded membrane, (b) injection molded membrane, (c) hot
pressed membrane, (d) GEFC membrane
Figure 3.7 is a photograph of the water droplet and contact angle of the hot
pressed and GEFC IPMCs. The summary of the contact angle values is shown in Table
3.8. Both of the IPMCs have a high wettability. The most hydrophilic IPMC is the hot
pressed membrane with a contact angle that is 46.32% lower than the GEFC membrane.
An IPMC with a more hydrophilic surface will perform better in actuation and sensing
because more water can cover the surface and enter the membrane to hydrate the cations.
Table 3.8: Summary of IPMC contact angle measurements and comparison to
GEFC IPMC

IPMC Average Contact Angle
and % Difference to GEFC
(GEFC = 38.73°)
Fabrication
Process

Average Contact
Angle (deg)

Hot Pressed

20.79

high

-46.32%

GEFC

38.73

high

-
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Degree of
% Difference
Wettability

Figure 3.7: IPMC contact angle photographs and measurements; (a) hot pressed
IPMC, (b) GEFC IPMC
Overall, the membranes were more hydrophilic in the activated, hydrated process
stage than the activated, dehydrated and pre-activated processing stages. However, after
the membranes have become IPMCs, they are the most hydrophilic. As IPMCs, the hot
pressed sample is the most hydrophilic.
3.4 Thermal Degradation
A thermogravimetic analysis (TGA) was performed to find the thermal
degradation trend of the membranes. This experiment determines the thermal degradation
of the membrane based on the weight change over a temperature increase. This is
important to know because processing and/or operating temperatures should never come
near this temperature or the polymer will start to decompose and will yield a membrane
with undesirable properties.
Each sample was dried in the oven at 80°C for 24 hours to fully dehydrate the
samples. A small sample (<4mg) was cut from each membrane and tested using TA
Instruments TGA Q500 machine. The samples were run from 30°C to 700°C at a rate of
10°C/min with a Nitrogen gas purge flow. The resulting graphs are shown in Figures 3.83.10. The thermal degradation temperature was estimated for each sample using the
graphs. This was done by drawing two tangent lines where the weigh percentage starts to
drop and finding the intersection point. One line was aligned at the beginning of the
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graph and the other was at the end of the graph. The thermal degradation temperature was
taken where the two lines intersected and aligned with the x-axis which was set at 10
degree intervals giving an accuracy of ±1°. The measurements were taken five times and
were averaged to find the error of the measurement.
Figure 3.8 is the TGA graph of the pre-activated membranes. Both the extruded
and the injection molded membranes resulted in a very similar thermal degradation
temperature. Table 3.8 shows the thermal degradation temperatures and the % change
from the extruded membrane. The injection molded thermal degradation temperature is
less than 1% lower than the extruded membrane.
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Table 3.9: Summary table of thermal degradation temperature of pre-activated
membranes and comparison to extruded membrane

Pre-Activated Membranes
Thermal Degradation Temperature, Td (°C)
and % Change from Extruded Membrane
Fabrication Process

Td,1Avg (°C)

Extruded

435 ± 0.471

% Change from
Extruded
-

Injection Molded

434 ± 0.272

-0.153%

Pre-activated Membranes (TGA)
100
90
80

% Weight

70
60
50
40
30
20
Extruded
Injection Molded

10
0
0

100

200

300
400
Temperature (°C)

500

600

700

Figure 3.8: Thermal gravimetric analysis of pre-activated membranes.
Figure 3.9 shows the TGA results for the activated, dehydrated membranes. It
appears that both GEFC and hot press membranes have two degradation temperatures.
These values are recorded in Tables 3.10 and 3.11. The second thermal degradation
temperatures of the hot pressed and GEFC membranes are closer to the first thermal
degradation temperatures of the extruded and injection molded membranes. This could be
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due to the similar molecule movement in the polymer at these temperatures. The first
thermal degradation temperatures of the hot pressed and GEFC membranes are much
lower than the extruded and injection molded membranes. This could be due to
contaminates within the two membranes that were pressed together during the hot press
manufacturing. The first thermal degradation temperature of GEFC could be attributed to
the different polymer structure than Nafion®.
Table 3.10: Summary table of activated, dehydrated membrane thermal
degradation temperature and % change from GEFC membrane

Activated, Dehydrated Membranes
First Thermal Degradation Temperature, Td (°C)
and % Change from GEFC Membrane
Fabrication Process
Extruded

% Change from
GEFC
441 ± 0.544
17.9%
Td,1Avg (°C)

Injection Molded

435 ± 0.272

16.5%

Hot Pressed

309 ± 0.471

-17.3%

GEFC

374 ± 0.544

-

Table 3.11: Summary table of activated, dehydrated membrane second thermal
degradation temperature and % change from GEFC membrane

Activated, Dehydrated Membranes
Second Thermal Degradation Temperature, Td (°C)
and % Change from GEFC Membrane
Fabrication Process

Td,1Avg (°C)

Hot Pressed

428 ± 0.720

% Change from
GEFC
-1.76%

GEFC

435 ± 0.720

-
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Figure 3.9: Thermal gravimetric analysis of activated, dehydrated membranes
Figure 3.10 shows the TGA results from IPMCs made from hot pressed and
GEFC membranes. There is only one thermal degradation temperature for these two
membranes which is fairly similar. The temperatures are summarized in Table 3.12. The
thermal degradation temperature for the hot pressed membrane is only 1.18% higher than
GEFC. Once plated, the hot pressed and GEFC IPMCs have similar thermal degradation
temperatures.
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Table 3.12: Summary of thermal degradation temperature of IPMCs and %
difference to GEFC IPMC
IPMCs
Thermal Degradation Temperature, Td (°C)
and % Difference to GEFC IPMC
Fabrication Process

Td,1Avg (°C)

% Difference

Hot Pressed

458 ± 0.471

1.18%

GEFC

453 ± 0.544

-

IPMC (TGA)
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Figure 3.10: Thermal gravimetric analysis of IPMCs
3.5 Tensile Properties
The objective of doing the tensile test was to find the modulus of elasticity and
observe the viscoelastic characteristics of the samples. The samples were cut into dog
bone shapes as defined by ASTM D638 [38]. The dimensions of the dog bone shape are
shown in Figure 3.11(a). WG is the width of the gauge section, LG is the gauge length, R
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is the radius of curvature between the gauge and clamping sections, LT is the total length,
WT is the total width of the clamp section, and t is the thickness of the membrane. The
cut samples, shown in Figure 3.11(b), from left to right are the extruded, injection
molded, hot pressed, and GEFC activated, dehydrated membranes. The injection molded
sample seen second from the left is slightly smaller than the rest of the samples. This is
due to the slightly smaller injection mold size. Due to the space restrictions of the mold
vice, the injection mold dimensions were limited which explains the shorter sample. The
tensile friction grips were still able to properly grip the sample at the same location as the
other tensile samples. ASTM D638 was used as a basic guide for calculating stress,
strain, and modulus of elasticity.

Figure 3.11: (a) Tensile sample with dimensions: t = 0.38 mm - 0.79 mm, WG = 2.5
mm, R = 15 mm, WT = 10 mm, LG = 10 mm, LT = 60 mm; (b) all activated,
dehydrated tensile samples cut from tensile die. Membranes from left to right:
extruded, injection molded, hot pressed, and GEFC. Note that the injection molded
sample is shorter than the other three samples. This is due to the slightly smaller
injection molding size.
The specimens were fixture in the Instron 5565 universal testing machine. The
fixtures are friction clamps as shown in Figure 3.12 below. The sample was put in the
fixture and was aligned as straight as possible. The sample was tensioned to take out the
initial slack. The strain rate for the tests was 20 mm/min. The tensile test was carried out
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for each sample. The test could only be completed once due to high material cost and low
availability.

Figure 3.12: Tensile fixture with tensile specimen clamped in and ready to start the
test. The load cell is a 100 N load cell and is not pictured in this photograph.
The tensile stress and strain were calculated using Equations 3.3 and 3.4
respectively.
𝜎𝑡 =

𝐹𝐼
𝐴𝑜

(3.3)

𝜖𝑡 =

𝐷𝐼
𝐿𝐺

(3.4)

where σt is the tensile stress, FI is the applied force recorded from the Instron, Ao is the
initial cross-sectional area of the gauge section, ϵt is the tensile strain, DI is the
displacement recorded by the Instron, and LG is the gauge length of the specimen. The
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displacement measurement is measured by motors that track the displacement of the
machine.
The modulus of elasticity is determined for each sample. This was measured by
taking the slope of the tangent line to the initial straight line of each curve as per ASTM
D638. This was calculated in Excel by determining the slope between two adjacent points
and averaging them.
Figures 3.14-3.17 show the results of the tensile tests. The data is plotted in a
stress-strain plot. From these graphs, the modulus of elasticity was calculated from the
initial slope of the stress-strain curves for each membrane up to 1% strain. The results of
these measurements are summarized in Tables 3.13-3.16. The membranes in the preactivated state seen in Figure 3.14 and summarized in Table 3.13 have the lowest
modulus of elasticity and the highest strain values. The pre-activated membranes
stretched to roughly 1,000% -1,200% of their original size.
The pre-activated membranes stiffened up during the activation process and gave
a higher modulus of elasticity in the activated, hydrated and activated, dehydrated state.
However, the stiffest membrane in both the activated, hydrated and dehydrated groups
was the GEFC membrane by over 50% for all membranes. The next stiffest membrane
was the hot pressed membrane. The injection molded and extruded membranes were the
most flexible in all cases, and they resulted in values that were generally close to each
other. These results are summarized in Tables 3.14 and 3.15.
The modulus of elasticity of the GEFC and hot pressed IPMC was very similar to
each other. This can be seen in Figure 3.17 and summarized in Table 3.16. The modulus
of elasticity for the GEFC membrane decreased after being plated as seen by the high
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modulus of elasticity of the activated, dehydrated and hydrated GEFC membrane. The
modulus of elasticity of the hot pressed IPMC decreased after being processed into an
IPMC. The IPMCs also stretched the least unlike the other membranes.
Figures 3.14-3.17 also show the mechanical behavior of the polymer membrane.
As the strain increases, the stress increases also. Although this can be seen in all of the
stress-strain graphs, it is more prevalent in the activated, dehydrated membranes where
the stress increases more dramatically as strain is increased.
Overall, GEFC was the stiffest membrane throughout each process. Hot pressed
was the second stiffest. Injection molded and extruded were always similar to each other,
and the least stiff of all.
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Figure 3.13: Pre-activated membrane stress-strain curve with a zoomed section of
the initial curve
Table 3.13: Modulus of elasticity of pre-activated membranes and % change from
extruded membrane

Pre-Activated Membranes Modulus of Elasticity
Extruded and Injection Molded % Change from
Extruded Membrane
Fabrication
Process
Extruded
Injection Molded

Modulus of
Elasticity (MPa)
2.5
3.0
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%
Difference
20.0%

Figure 3.14: Activated, hydrated membrane stress-strain curve with a zoomed
section of the initial curve
Table 3.14: Summary of modulus of elasticity of activated, hydrated membrane and
% change from GEFC membrane

Activated, Hydrated Membranes
Modulus of Elascitity and % Change from GEFC
Fabrication
Process
Extruded
Injection Molded
Hot Pressed
GEFC

Modulus of
Elasticity (MPa)
6.8
4.8
35.7
98.0

56

% Error
-93%
-95%
-64%
-

Figure 3.15: Activated, dehydrated membrane stress-strain curve with a zoomed
section of the initial curve
Table 3.15: Summary of modulus of elasticity of activated, dehydrated membrane
and % change from GEFC membrane

Activated, Dehydrated Membranes
Modulus of Elascitity and % Change from GEFC
Fabrication
Process

Average
Modulus of
Elasticity (MPa)

% Error

Extruded

14.5

-93%

Injection Molded
Hot Pressed
GEFC

18.3
100.0
200.0

-91%
-50%
-
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Figure 3.16: Hot pressed and GEFC IPMC stress-strain curve with a zoomed
section of the initial curve. Extruded and injection molded are not pictured because
they were not able to be processed into IPMCs
Table 3.16: Summary of modulus of elasticity of IPMC and % change from GEFC
membrane

Hot Pressed IPMC
Modulus of Elascitity and % Change from GEFC
Fabrication
Process
Hot Pressed
GEFC

Average
Modulus of
Elasticity (MPa)
31.6
44.3
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% Error
-29%
-

3.6 Dynamic Mechanical Analysis
A dynamic mechanical analysis using the Pyris Diamond DMA was done on each
membrane after each processing stage. A dynamic mechanical analysis (DMA) is
important to understand the viscoelastic properties of the material. The samples were set
up in tension, and they were oscillated at different frequencies (1 Hz, 2 Hz, 5 Hz, 10 Hz).
A sinusoidal force is applied to the material resulting in a displacement output. In a
viscoelastic material, the displacement output lags behind the force input resulting in a
phase angle shift. The machine calculates the storage modulus, loss modulus, and the
tangent of the phase angle, which is the ratio of the loss to storage modulus. These
properties are plotted at each frequency for each sample to show the change in the
properties as frequency increases.
The storage modulus is the in-phase component of the elastic response of the
sample at the different frequencies. This is not the same as the Young’s modulus. The
loss modulus is the out of phase component of the viscous response of the material under
different frequencies. The ratio between the loss and storage modulus is the tangent of the
phase angle. This measurement is also known as damping and is the measure of the
dissipation of energy of the material.
Figures 3.17-3.28 show the storage modulus, loss modulus, and damping of each
membrane in their different processing stage. For the majority of the membranes, the
higher the frequency, the stiffer the material is. This can be seen by the increase in values
of the Storage modulus. There is also an increase in value for the loss modulus and
damping as the frequency is increased for the majority of membranes. This means that
the membranes become stiffer and more viscous with higher frequencies.
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3.6.1 Pre-activated Membrane Results
Figures 3.17-3.19 show how the pre-activated membranes become less elastic
and more viscous as the frequency increases. Table 3.17, the summary table for the preactivated membranes, gives actual numbers of this trend. The increase in storage
modulus, loss modulus, and damping is gradual as if approaching an asymptote as the
frequency increases. The injection molded membrane a higher storage modulus and loss
modulus than the extruded membrane. However, it has less damping than the extruded
membrane.
Table 3.17: Summary table of DMA results of pre-activated membranes and percent
change from extruded membrane

Frequency
1
2
5
10

Frequency
1
2
5
10

Frequency
1
2
5
10

Storage Modulus, E' of Pre-activated Membranes
and % Difference from Extruded Membrane
Storage Modulus, E' (MPa)
% Difference
Extruded
Injection Molded
7.59
8.93
18%
9.07
10.65
17%
12.06
14.05
16%
15.54
17.89
15%
Loss Modulus, E" of Pre-activated Membranes
and % Difference from Extruded Membrane
Loss Modulus, E" (MPa)
% Difference
Extruded
Injection Molded
3.76
4.03
7%
5.29
5.64
7%
8.42
8.94
6%
12.02
12.64
5%
Damping, tan(δ) of Pre-activated Membranes
and % Difference from Extruded Membrane
Damping, tan(δ)
% Difference
Extruded
Injection Molded
0.50
0.45
-9%
0.58
0.53
-9%
0.70
0.64
-9%
0.77
0.71
-9%
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Figure 3.17: Pre-activated membrane - storage modulus, E’
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Figure 3.18: Pre-activated membranes - loss modulus, E”
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Figure 3.19: Pre-activated membranes - damping, tan(δ)
3.6.2 Activated, Dehydrated Membrane Results
Table 3.18 summarizes the DMA results for the activated, hydrated membrane.
Figures 3.20-3.22 are plots of this information in order to see the trend of the data.
Overall, the storage modulus, loss modulus, and damping increase in value in the dry,
activated state. The storage modulus of these membranes shown in Figure 3.20 exhibits
the same trend as the pre-activated membranes. It is gradually increasing as the frequency
increases. However, the loss modulus of the GEFC seen in Figure 3.21 and hot pressed
membranes decrease as the frequency increases. This is also seen in the damping as well
in Figure 3.22. As the frequency increases, the GEFC and hot pressed membranes are less
viscous and have smaller damping than the extruded and injection molded membranes
where the viscous and damping effects increase as the frequency increases.
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As seen in Figure 3.20, the GEFC membrane has the highest storage modulus
compared to the other membranes with the injection molded and extruded membranes at
the lowest storage modulus. The GEFC is the least elastic membrane, and the injection
molded and extruded membranes being the most elastic. Looking at Figure 3.21, GEFC is
generally more viscous than the other membranes at lower frequencies. The extruded
membrane makes a drastic jump to being the most viscous at the highest frequency. The
injection molded membrane also increases as the frequency is increased surpassing the
hot pressed membrane with the hot pressed membrane being the least viscous at the
higher frequencies.
The extruded membrane makes this large jump in loss modulus to become the
most viscous membrane at 10 Hz because of the polymer chain alignment. During the
manufacturing process of the extruded membrane, the polymer chains are allowed to
align in the direction of extrusion. When the polymer is pulled enough, the chains start to
resist motion.
Figure 3.21 shows the damping of the membrane. The extruded membrane has the
most damping characteristics and the hot pressed has the least. This is also due to the
polymer chain alignment of the membrane as mentioned before. When the polymer
chains are pulled they want to resist motion which dissipates energy at the higher
frequencies.
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Table 3.18: Summary of DMA results of activated, dehydrated membranes and
percent change from GEFC membrane

Freq.
(Hz)
1
2
5
10

Freq.
(Hz)
1
2
5
10

Freq.
(Hz)
1
2
5
10

Storage Modulus, E' of Activated, Dehydrated Membranes
and % Difference from GEFC Membrane
%
Storage Modulus (MPa)
%
Difference
Difference
Injection
Injection
Hot
Extruded
GEFC Hot Pressed
Molded &
Molded Pressed
& GEFC
GEFC
204.1
198.4
320.3
568.2
-64%
-65%
209.9
205.5
326.8
581.5
-64%
-65%
217.6
215.7
334.7
599.9
-64%
-64%
223.8
223.6
340.5
615.0
-64%
-64%
Loss Modulus, E" of Activated, Dehydrated Membranes
and % Difference from GEFC Membrane
Loss Modulus (MPa)
%
%
Difference
Difference
Injection
Injection
Hot
Extruded
GEFC Hot Pressed
Molded &
Molded Pressed
& GEFC
GEFC
14.68
16.17
16.68
38.64
-62%
-58%
15.05
16.82
16.32
40.04
-62%
-58%
15.84
17.94
15.85
42.63
-63%
-58%
16.76
19.07
15.54
45.20
-63%
-58%
Damping, tan(δ) of Activated, Dehydrated Membranes
and % Difference from GEFC Membrane
%
Damping tan(δ)
%
Difference
Difference
Injection
Injection
Hot
Extruded
GEFC Hot Pressed
Molded &
Molded Pressed
& GEFC
GEFC
0.072
0.082
0.052
0.068
6%
20%
0.072
0.082
0.050
0.069
4%
19%
0.073
0.083
0.047
0.071
2%
17%
0.075
0.085
0.046
0.074
2%
16%
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%
Difference
Extruded
& GEFC
-44%
-44%
-44%
-45%

%
Difference
Extruded
& GEFC
-57%
-59%
-63%
-66%

%
Difference
Extruded
& GEFC
-23%
-28%
-33%
-38%
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Figure 3.20: Activated, dehydrated membrane – storage modulus, E’
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Figure 3.21: Activated, dehydrated - loss modulus, E"
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Figure 3.22: Activated, dehydrated - damping, tan(δ)
3.6.3 Activated, Hydrated Membrane Results
Figures 3.23-3.25 are plots of the storage modulus, loss modulus, and damping of
the activated, hydrated membranes. Table 3.19 is the summary table of these results.
Overall, the activated hydrated membranes show the same trends as the activated,
dehydrated membranes. The only difference is that the numerical values of each property
decreased. When hydrated, the membranes lose their stiffness and viscous characteristics.
They also become less able to dissipate energy from applied forces. When the plots of the
activated, hydrated membranes and the activated, dehydrated membranes are compared,
they look almost identical qualitatively.
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Table 3.19: Summary of DMA results of activated, hydrated membranes and
percent change from GEFC membrane

Freq.
(Hz)
1
2
5
10

Freq.
(Hz)
1
2
5
10

Storage Modulus, E' of Activated, Hydrated Membranes
and % Difference from GEFC Membrane
%
Storage Modulus (MPa)
%
Difference
Difference
Injection
Injection
Hot
Hot Pressed
Extruded
GEFC
Molded &
Molded Pressed
& GEFC
GEFC
44.01
38.54
91.54
231.90
-81%
-83%
47.55
41.04
93.25
237.80
-80%
-83%
53.29
44.04
94.96
248.10
-79%
-82%
59.38
47.57
96.96
254.40
-77%
-81%
Loss Modulus, E" of Activated, Hydrated Membranes
and % Difference from GEFC Membrane
%
Loss Modulus (MPa)
%
Difference
Difference
Injection
Injection
Hot
Hot Pressed
Extruded
GEFC
Molded &
Molded Pressed
& GEFC
GEFC
8.08
4.32
4.87
18.63
-57%
-77%
10.15
5.18
4.77
18.00
-44%
-71%
14.12
6.78
4.81
17.75
-20%
-62%
18.29
8.56
5.05
17.60
4%
-51%

Freq.
(Hz)

Extruded

1
2
5
10

0.183
0.214
0.265
0.308

Damping, tan(δ) of Activated, Hydrated Membranes
and % Difference from GEFC Membrane
%
Damping tan(δ)
%
Difference
Difference
Injection
Injection
Hot
Hot Pressed
GEFC
Molded &
Molded Pressed
& GEFC
GEFC
0.112
0.053
0.080
129%
40%
0.126
0.051
0.075
183%
67%
0.153
0.051
0.071
272%
115%
0.179
0.052
0.069
347%
159%
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%
Difference
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& GEFC
-61%
-61%
-62%
-62%

%
Difference
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-74%
-74%
-73%
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Figure 3.23: Activated, hydrated membrane - storage modulus, E'
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Figure 3.24: Activated, hydrated membranes - loss modulus, E"
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Figure 3.25: Activated, hydrated membranes - damping, tan(δ)
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3.6.4 Hot Pressed and GEFC IPMC Results
Figures 3.26-3.28 show the plots of the storage modulus, loss modulus, and
damping of the hot pressed and GEFC IPMCs. Table 3.20 summarizes these results.
Overall, the loss modulus, storage modulus, and damping increase gradually as the
frequency is increased. The hot pressed IPMC has a higher storage and loss modulus than
the GEFC membrane. However, the GEFC IPMC has higher damping values than the hot
pressed IPMC.
Table 3.20: Hot Pressed and GEFC IPMC DMA results summary and % Change
from GEFC IPMC
Storage Modulus, E' of IPMCs and % Difference from GEFC
Membrane
Storage Modulus (MPa)
% Difference
Frequency
Hot Press & GEFC
Hot Pressed
GEFC
1
149.70
131.20
14%
2
151.50
133.00
14%
5
154.20
135.20
14%
10
157.00
137.00
15%
Loss Modulus, E" of IPMCs and % Difference from GEFC Membrane
Loss Modulus (MPa)
% Difference
Frequency
Extruded & GEFC
Hot Pressed
GEFC
1
7.16
6.80
5%
2
7.29
7.04
4%
5
7.74
7.50
3%
10
8.30
8.03
3%
Damping, tan(δ) of IPMCs and % Difference from GEFC Membrane
Damping tan(δ)
% Difference
Frequency
Extruded & GEFC
Hot Pressed
GEFC
1
0.05
0.05
-8%
2
0.05
0.05
-9%
5
0.05
0.06
-9%
10
0.05
0.06
-10%
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Figure 3.26: IPMC - storage modulus, E'
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Figure 3.27: IPMC - loss modulus, E"
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Figure 3.28: IPMC - damping, tan(δ)
3.7 Surface and Cross-sectional Quality
Membrane quality was assessed by examining the visual qualities of the surface
and the cross-section of each membrane using the optical microscope. One photo was at
100X magnification and a close up was taken around 1,000X magnification of the surface
of the membranes as well as the cross-section. The surface quality was examined and was
based on the smoothness of the surface. Bubbles were also looked at in surface view of
the membrane. Any noticeable roughness patterns were noted. The cross-section view as
also looked at and assessed. The resulting photographs are shown in Figures 3.29 and
3.30 below.
Both the GEFC and the hot pressed IPMCs show scratches in the electrode
surface. These scratches are from sanding the membrane before plating them. The
scratches appear closer together on the GEFC IPMC while the scratches on the hot
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pressed IPMC are further apart and more random. The surface of the hot pressed IPMC in
Figure 3.29(c) shows signs of small cracking in the direction perpendicular to the
scratches. This will affect the surface conductivity measurement. On the 1,000X
magnification of the surface of the IPMCs shown in Figure 3.29(b) and (d), the scratches
on the GEFC surface appear to be deeper than the scratches on the hot pressed surface.

Figure 3.29: Optical microscope photographs of the surfaces of IPMCs; (a) GEFC at
100X, (b) GEFC at 1,000X, (c) hot pressed at 100X, (d) hot pressed at 1,000X
Figure 3.30 shows the surface and the cross-section of the activated, hydrated
membranes. The hot pressed and GEFC membrane surfaces in Figure 3.30(e) and (g) are
more uniform than the surface of the injection molded and extruded membrane in Figure
3.30(a) and (c). This is due to the manufacturing process of the extruded and injection
molded membranes. Since the hot pressed membrane is pressed against a smooth surface,
it will have a smooth surface after it is processed. The injection molded sample appears to
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look very uneven and goopy. Even though it was injected into a mold with a smooth
surface, the membrane still has a rough texture.
The cross-sections of the hot pressed and GEFC in Figure 3.30(f) and (h) are
more consistent in their texture than the extruded and injection molded in Figure 3.30 (b)
and (d). The thickness of the cross-section of the extruded membrane is not uniform. This
was to be expected for the extruded membrane because of die swell and inconsistent
extrudate drawing. Both the extruded and injection molded cross-sections appear to have
layers. This is due to the cooling of the membrane in the manufacturing process. Both the
injection molded and extruded membrane cool from the outside in and the polymer
consequentially forms in layers.
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Figure 3.30: Optical microscope photographs of the surface and cross-section of
activated, dehydrated membranes all at 100X; (a) extruded surface, (b) extruded
cross-section, (c) injection molded surface, (d) injection molded cross-section, (e) hot
pressed surface, (f) hot pressed cross-section, (g) GEFC surface, (h) GEFC crosssection
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3.8 Platinum Layer Thickness
Primary plating was repeated three times and secondary plating was done only
once on the GEFC and hot pressed membranes. One of the measures of the success of the
plating is the thickness of the layer platinum on the surface of the membrane. To measure
the thickness of the platinum layer, the SEM was used because it provides good
contrasting photos to clearly see the location of the boundary of the membrane and
platinum layer. The samples were prepped first. They were submerged in liquid nitrogen
and then the samples were snapped in half by hand in order to get a clean break. If a
blade is used to cut the samples, the platinum will become damaged and a good reading
will not be possible. The thickness of the platinum layers were measured at five different
locations and averaged. The resulting values are summarized in the Table 3.21. The
platinum layer thickness measurements are accurate within 1 micron. The photographs of
the cross-section of the hot pressed and GEFC IPMC are shown in Figure 3.31. The
platinum layer on the GEFC membrane was slightly thicker than the platinum on the hot
pressed membrane.
To get a better idea of how much platinum is deposited on the surface, the
thickness of the unplated activated, dehydrated membrane was measured. The ratio of the
membrane to the thickness of the platinum layer will show a percentage of how much
platinum there was deposited on the surface. A summary of these percentages can be seen
in Table 3.21. More platinum deposited on the surface along with surface quality means
the more conductive the sample will be; however, a thicker layer of platinum will make
the membrane more resistive to bending, and it will be stiffer. Both membranes have
similar percentage of platinum deposited on the surface of the membrane.
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Table 3.21: Summary of the measured platinum layer thicknesses and the
percentage of platinum to membrane
Platinum Layer Thickness (μm) and % Platinum
Sample

Pt Layer
Thickness
(μm)

Average
Membrane
Thickness (μm)

% Pt

Hot Pressed

5.7 ± 0.23

530

2.2%

GEFC

6.3 ± 1.8

480

2.6%

Figure 3.31: SEM photographs of the cross-section of IPMCs showing the platinum
layer; (a) GEFC cross-section at 150X, (b) GEFC cross-section at 1000X, (c) hotpressed cross-section at 200X, (d) hot pressed cross-section at 1000X
3.9 Surface Electrode Resistance
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The resistance of the surface of the IPMC is measured after the samples are cut
into 5 mm x 25 mm strips. Measurements were taken on both sides of the IPMC. The
resistance of the samples was measured by how much resistance the sample produced
while probing the sample with two probes, one at each of the ends with 25 mm of space
between the probes. The measurements were repeated five times each side of the sample.
The measurements were averaged on each side of the sample. The resulting
measurements are shown in the Table 3.22. A visual representation of this data can be
seen in the bar graph in Figure 3.32.
The GEFC membrane had lower surface resistance than the hot pressed
membrane for both sides of the membrane. This could be due to the surface sanding of
the membrane before the membrane was processed into an IPMC. It could also be due to
discrepancies within the processing procedure as well.
For both membranes, one side appears to have a higher resistance than the other
side. This is seen more drastically in the hot pressed membrane. This discrepancy
between the sides of the IPMC could also be from inconsistency when prepping the
surface. This difference in the surface resistance of each side of the membrane might be
seen during the IPMC performance tests.
There is also a very large error seen in the back side of the hot pressed membrane.
This could be due to the large cracks on the surface of the hot pressed membrane. At each
point where the surface resistance was measured with the probes of the multi-meter could
be drastically different than the previous spot because of the different size cracks.
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Table 3.22: Surface resistance measurement of each side of the membrane and
percent change from GEFC membrane
Surface Resistance Per Side of Membrane
and % Change from GEFC Membrane
Side of
Membrane
Front

GEFC (Ω)

Hot Pressed (Ω)

% Change

6.6 ± 0.8

18.5 ± 5.9

95%

4.0 ± 0.4

8.7 ± 2.3

74%

Back

Surface Resistance Per Side of GEFC and Hot Pressed IPMCs
Front

Back

21
18

Resistance (Ω)

15
12
9
6
3
0
GEFC

Hot Pressed

Figure 3.32: Surface resistance bar graph of the GEFC and hot pressed IPMCs.
Each bar represents the front and back sides of the membrane.
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CHAPTER 4: IPMC Performance Sensor Test
The IPMC samples were prepared for testing as sensors. The samples were cut to
10mm x 25 mm strips. One end of the sample was clamped gently in the electrode
contacts. 5 mm of the end of the sample was clamped. The other end was fixture to the
clamp with the shaker. Again, 5 mm of the sample was clamped. The free length of the
sample was 15 mm. The sample was submerged in deionized water during the test. The
shaker was programmed to give an amplitude of 3 mm peak to peak for all of the
samples. The samples were run at 1 Hz, 5 Hz, and 10 Hz. A displacement laser sensor
kept track of the displacement at the tip while the voltage at the clamp was sensed by the
circuit and put into LabView. The data was processed using Origin Lab 9.0. A smoothing
function was used to reduce sample noise.
A photograph of the experimental set-up is shown in Figure 3.34 below. The
equipment that was used is labeled in the figure. The shaker is an electrodynamic shaker
(VR-5200) which oscillates the tip of the IPMC. The displacement of the tip is sensed by
a laser displacement sensor (optoNCDT-1401, Micro-Epsilon). The voltage produced by
the IPMC is measured at the electrode contact clamp, the signal output is amplified by a
custom amplifier circuit, and the signal data is recorded using LabVIEW with National
Instruments USB-6008.
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Figure 4.1: Experimental set up for IPMC sensor; (a) IPMC clamped in electrode
contact clamp and shaker submerged in deionized water, (b) complete experimental
set-up of IPMC sensor test
Figures 4.2 – 4.7 show the voltage and displacement plots of the GEFC and hot
pressed membranes tested as sensors. Figures 4.2 – 4.4 are the GEFC sensor results, and
Figures 4.5 – 4.7 are the hot pressed IPMC sensor results. The GEFC IPMC voltage
signal is very noisy at lower frequencies. At lower frequencies the voltage signal
produced is less than the signal produced at higher frequencies.
The signal at lower frequencies is also very noisy compared to the signal
produced at higher frequencies. This is due to the cation migration inside the membrane.
At lower frequencies the cations are allowed more time to move towards the location
where the anions are concentrated. The voltage measured is the difference in charge
between the cations and anions. Since there is more time for the cations to travel towards
the anions, the cations are able to affect the signal more so than at higher frequencies.
Since the cation motion is chaotic inside the membrane, a noisy signal is produced.
Overall, at low frequencies, the cations are the dominant factor affecting the signal.
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At higher frequencies, the cations play a less significant role. The anions are now
the dominant force. At higher frequencies, the cations are able to travel less distance
through the membrane. The cations still want to travel towards the anions; however, they
do not travel very far at high frequencies. Since they barely move within the membrane,
there are less cations to cancel the charge of the anions. The anions are now the main
contributor to the signal. Since they are fixed to the polymer chains, they move with the
membrane as it bends. Their motion is less chaotic which produces a strong signal with
little noise. This can be seen in Figure 4.3 and 4.7 with both the GEFC and ho press
membranes oscillating at 10 Hz.
There is a phase shift that occurs with both the GEFC and hot pressed IPMC. The
voltage signal for both the GEFC and hot pressed membranes appear to be more linear
than sinusoidal. The voltage signal (red dots) seems to lead the displacement signal
(black dots) for the GEFC test at 1 Hz, 5 Hz, and 10 Hz (Figures 4.2-4.4 respectively).
The time interval between the peaks of the voltage and displacement signal is about 0.25
s, 0.020 s, and 0.0030 s for 1 Hz, 5 Hz, and 10 Hz tests respectively.
The hot pressed IPMC also has a phase shift where the time interval between the
peaks of the voltage and displacement signal is 0 s, -0.040 s, and 0.0025 s for the 1 Hz, 5
Hz, and 10 Hz tests respectively. The time interval for the 5 Hz test is negative because
the voltage signal lags behind the displacement signal where the voltage signal is leading
the displacement signal for the positive time intervals. There does not seem to be a signal
delay between voltage and displacement for the hot pressed membrane at 1 Hz.
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Figure 4.2: GEFC IPMC sensor data at 1 Hz and 3 mm peak to peak displacement
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Figure 4.3: GEFC IPMC sensor data at 5 Hz and 3 mm peak to peak displacement
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Figure 4.4: GEFC IPMC sensor data at 10 Hz and 3 mm peak to peak displacement
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Figure 4.5: Hot pressed IPMC sensor data at 1 Hz and 3 mm peak to peak
displacement
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Figure 4.7: Hot pressed IPMC sensor data at 10 Hz and 3 mm peak to peak
displacement
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Figure 4.6: Hot pressed IPMC sensor data at 5 Hz and 3 mm peak to peak
displacement

Table 3.23 summarizes the maximum voltage of the hot pressed and GEFC
IPMCs. The more voltage the sensor produces, the better the sensor is at performing. The
voltages are absolute values. Although the signal was more erratic, the maximum value
of the voltage of the hot pressed IPMC is 64% higher than the GEFC IPMC at 1 Hz.
However, as the frequency increased to 5 Hz and 10 Hz, the GEFC IPMC had higher
maximum values of voltage than the hot pressed membrane. At higher frequencies, the
GEFC IPMC is the better performing IPMC sensor.
Table 4.1: Summary of the average absolute value of the maximum voltage and %
change from the GEFC IPMC

Average Absolute Value of Maximum Voltage (mV)
and % Change of Hot Pressed to GEFC
Max Voltage (mV)
%
Frequency (Hz)
Change
Hot Pressed
GEFC
1

0.29

0.18

64%

5

0.31

0.46

-33%

10

0.36

0.60

-40%
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CHAPTER 5: Conclusion and Recommendations for Future Study

Multiple options for fabricating Nafion® membranes for use in IPMC sensor
applications were demonstrated in this project: extrusion, injection molding, and hot
pressing. A commercial membrane from GEFC was also used to compare with the
custom fabricated membranes. GEFC and hot pressed membranes were able to be
processed into IPMCs while the extruded and injection molded membranes failed during
the reduction reaction. Extruded and injection molded membranes were able to be
manufactured and activated to the hydrogen cation form, so tests were able to be done on
these membranes up until this step. It is feasible to fabricate Nafion® membranes through
injection molding, extrusion, and hot pressing. However, more work to increase the
pressure of the injection molder and to automate the extrusion drawing process would
improve the processes.
Multiple tests were done on the extruded, injection molded, hot pressed, and
GEFC membranes to examine their properties throughout the different stages of IPMC
processing. The first stage is the pre-activated membrane made from the Nafion®
precursor pellet. Only the extruded and injection molded membranes were made from the
precursor pellet. The next stage is the activated membrane with the hydrogen cation
where the membrane can be dehydrated or hydrated. All membranes were able to reach
this stage with the hot pressed and GEFC membranes already residing in this stage. The
last stage is the final IPMC form where the membrane is hydrated and chemically plated
with platinum. Only the hot pressed and GEFC membranes were able to reach this stage.
Throughout the different processing stages, the stiffness of the membranes were
affected. The stiffest membrane was the GEFC membrane in its dehydrated activated
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form. The hot pressed membrane was the second stiffest membrane in the tensile tests
and dynamic mechanical analysis. The least stiff membranes were the extruded and
injection molded membranes. These membranes usually were very similar in stiffness.
This pattern was seen throughout the tensile tests as well as the dynamic mechanical
analysis.
The hot pressed and GEFC membranes were processed into IPMCs and were
tested as sensors. Overall, the GEFC IPMC gave a stronger voltage output while the hot
pressed IPMC was weaker. Both signals had noise at the lower frequencies caused by the
cation dominance during low frequencies.
Overall, the hot pressed and GEFC membranes are able to be used as IPMC
sensors currently while the extruded and injection molded membranes still need more
development within the manufacturing process.
5.1 Recommendation for Future Work
More development in the extrusion and injection molding membrane
manufacturing processes is needed to be able to use these membranes as IPMC sensors.
The extrusion process needs to be automated to reduce the large variances in crosssectional thicknesses. The membranes should be cooled as soon as they leave the extruder
die. This will prevent the formation of cooling layers in the membrane. Any nonuniformity within the membrane is a potential failure in the reduction process.
The injection molding process needs modifications as well. More pressure is
needed to inject the viscous Nafion® melt into the small cavity of the mold. More
injection pressure will fill the mold quicker and will minimize the cooling layer
formation. The more uniform the membrane, the more likely it will survive the reduction
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reaction in primary plating because the platinum particles will be able to reach the surface
of the membrane without any layers blocking the path.
Most importantly, a more cost effective method to characterize the membranes
should be developed. More samples need to be tested to provide a better understanding of
whether these properties are repeatable and are reliable. Since the material is expensive,
more attention to the property testing should be paid in order to maximize sample usage
and minimize wasted samples.
The test that used the most samples was the tensile test. Because of cost and the
limited sample availability, the tensile test was only performed with one sample. The
DMA tests were also performed with one sample for the same reasons. To show the
problem with using only one sample, Table 5.1 was constructed to show the discrepancy
between values of the storage modulus taken at 1 Hz from the DMA and the elastic
modulus measured from the stress-strain curve from the tensile test.
Table 5.1 shows the storage moduli of each sample were significantly higher than
the elastic moduli. This could be due error introduced in the experimental setup, i.e.
specimen alignment within the tensile machine. However, this discrepancy is primarily
due to relying on the displacement outputted by the tensile machine to calculate strain. In
the strain calculation, it is assumed that the displacement is only occurring within the
gauge length. When in reality, the displacement could be occurring at the larger crosssectional area in the dog bone tabs at the end of each sample. This could give a higher
strain rate than what is actually occurring within the gauge section, as well as a higher
elastic modulus.
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It is recommended that the future researcher use a laser extensometer to measure
the displacement of the gauge section of each sample. It is also recommended that the
next research make a custom jig to align each sample straight and consistently.
Table 5.1: Storage modulus vs. elastic modulus and a % difference calculation

Storage Modulus (DMA) vs. Modulus of Elasticity (Tensile Test)
with Respect to Process Stage
Process
Stage

Fabrication
Process

Storage
Modulus, DMA
(MPa)

Modulus of
Elasticity
Tensile (MPa)

% Difference

Preactivated

Extruded
Injection Molded

7.8
8.9

2.5
3.0

103%
99%

Extruded

44.0

6.8

146%

Injection Molded
Hot Pressed
GEFC
Extruded
Injection Molded

38.5
91.5
231.9
204.1
198.4

4.8
35.7
98.0
18.2
18.0

156%
88%
81%
167%
167%

Hot Pressed

320.3

133.7

82%

GEFC

568.2

317.9

56%

Hot Pressed
GEFC

149.7
131.2

31.6
44.3

130%
99%

Activated,
Hydrated

Activated,
Dehydrated

IPMC

This thesis was able to determine whether these custom manufacturing processes
are even feasible for IPMC membrane fabrication. Although there can be some room for
improvement within processes and testing procedures, this study gives a good starting
point for the researcher interested in developing their own membranes without having to
rely on the limited commercial product.
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APPENDIX A: Error Discussion for the Tensile Tests
Since there was only one sample tested in the tensile testing, there is an error in
the results that must be considered. Normally, as stated by ASTM D790, there must be at
least six samples tested to gain an understanding of the behavior of the specimen. Since
material cost and availability was strictly limited for this experiment, only one sample
was tested to conserve the material for other tests.
The modulus of elasticity was calculated for the first initial linear section of each
sample was calculated by dividing the stress by the strain. This calculation was
performed for data points until 1% strain (0.10 mm/mm). This resulted in about 10-15
data points to analyze. The calculated values of modulus of elasticity were averaged to
get the final modulus of elasticity of the material. The standard deviation of these values
was also taken. Using the standard deviation, the standard error was also calculated for
the averaged modulus of elasticity. This was the expected range of modulus of elasticity
for the material.
Table A.1 summarizes the average modulus of elasticity of all the membranes in
each different process stage. The standard deviation and the standard error are shown for
all samples. These two numbers were calculated using the method described above.
Except for the injection molded samples, the standard deviation seemed to get larger with
the increasing stiffness of the material giving a higher standard error. This could be due
to the steep initial slope of the elastic region of the samples. When the modulus of
elasticity is calculated, the steep slope changes throughout the data points selected
resulting in a higher standard deviation and standard error.
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Table A.1: Summary of the modulus of elasticity with respect to process stage

Tensile Test Modulus of Elasticity with Respect to Process Stage

Process
Stage

Fabrication
Process

Average
Modulus of Elasticity
(MPa)

Standard
Deviation
(MPa)

Standard
Error
(MPa)

Preactivated

Extruded
Injection Molded

2.4
3.0

0.1
0.1

0.02
0.02

Extruded

6.8

2.3

0.4

Injection Molded
Hot Pressed
GEFC
Extruded
Injection Molded

4.8
35.7
98.0
18.2
18.0

0.3
2.9
11.8
1.9
0.2

0.05
0.5
1.6
0.3
0.1

Hot Pressed

133.7

18.2

2.9

GEFC

317.9

67.2

8.9

Hot Pressed
GEFC

31.6
44.3

5.8
3.8

1.1
0.7

Activated,
Hydrated

Activated,
Dehydrated

IPMC
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APPENDIX B: Extrusion and Injection Molding Challenges
The extrusion and injection molded samples were not successfully plated with
platinum to produce a functioning IPMC. The problems arose at first during the cleaning
process after activation. When the membranes were placed in the heated hydrogen
peroxide solution, they began to bubble profusely, more than normal. After about 20
minutes in the solution, the membranes had gas bubbles in them. Some bubbles were
small at about 2 mm in diameter where other membranes where rather large, about 20
mm in diameter.
The first response to these bubbles was that the membranes had specs of
contamination in them causing the hydrogen peroxide to react with these dirt particles
resulting in a gas bubble formation. These specs of contamination were thought to be
from the initial manufacturing process of the membrane. Since the injection molder was
outfitted to both injection mold and extrude, dirt in the injection chamber was thought to
be the cause of the contaminated membranes.
Both the injection chamber and the plunger were cleaned thoroughly between
both the extrusion and the injection molding process. The stainless steel chamber was
cleaned using a wire brush to clean debris out and to polish the chamber. The plunger
was cleaned with a Scotch Brite pad. Once cleaned, both the injection chamber and
plunger were wiped with ethanol and were allowed to dry. The nozzle was also cleaned
with a wire brush, flushed with ethanol, and was allowed to dry.
Once all the parts of the machine that touches the polymer were cleaned, they
were assembled, and the machine was heated up to processing temperature to allow all
the components to thoroughly dry. Clean Nafion® precursor pellets were placed within
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the injection chamber, and the manufacturing commenced. New pellets were used to
make these membranes to reduce the risk of contamination caused by reusing the once
melted Nafion®. Based on experience during this experiment, it is recommended that the
Nafion® precursor pellets are used only once. If the Nafion® is reused after melting it
once, the polymer starts to degrade and the risk for contamination of the membrane due
to small burnt particles is greater.
The resulting membranes appeared much cleaner. They were clearer and had less
specs. However, there were still some specs present, but not as much as when the
machine was not cleaned. The machine must be cleaned after each processing use or after
the polymer has been sitting at processing temperature for a long time. The polymer starts
to break down and appear dark brown in color. There were also a lot of specs present in
the membranes.
After activating the new membranes, they were cleaned in the heated hydrogen
peroxide solution and a couple of baths in deionized water. They survived the cleaning
with no bubbles present. Paying careful attention to the cleanliness of the manufacturing
process to prevent contamination seemed to have been successful. However, more
bubbles reappeared during the first half of the primary plating process.
About an hour into the reduction reaction, the first step in the primary plating
process, large bubbles reappeared in both the extruded and injection molded membranes.
The injection molded samples had larger bubbles in them than the extruded membranes.
The injection molded membranes formed gas pockets that filled almost the whole sample
causing the membrane to float. The extruded samples had smaller round bubbles. These
bubbles can be seen in Figure B.1.
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Figure B.1: (a) Injection molded samples with air pockets, (b) injection molded
sample inside air pocket, (c) extruded samples with air pockets, (d) close up of
extruded samples
More investigation was done to find out why these bubbles occurred during the
plating process. The surface of these samples was examined using the optical microscope.
Figure B.2 shows the photographs of the surface of the samples. The samples do not
appear to have any obvious grain marks from sanding even though these membranes
were sanded before they were plated. Both surfaces look pitted with small indentations.
These small holes on the surface of the membrane are caused by the manufacturing
processes of the membrane. When the heated Nafion® is cooled during the extrusion or
injection process, parts of the surface seem to cave in on itself due to inconsistencies in
the polymer causing the small indentations on the surface of the membrane.
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Figure B.2: (a) Plated surface of extruded sample at 100X, (b) plated surface of
extruded sample at 1000X, (c) plated surface of injection molded sample at 100X,
(d) plated surface of injection molded sample at 1000X
The cooling process during the manufacturing process of both the extrusion and
injection molding manufacturing processes is also suspected to make the membrane more
prone to gas bubble formation. Figure B.3 below is a photograph of the cross-section of
the injection molded and extruded samples right after the bubbles formed during primary
plating.
The injection molded membrane appears to have been formed in layers. The
layers are more pronounced in the injection molded sample because of the cooling
process in the mold during manufacturing. Even though the mold is preheated to help the
viscous flow of the polymer traverse the mold, the polymer still cools from the outside in
causing obvious boundaries to form during each cooling phase. Each time the layers build
up, the polymer is forced through a smaller opening causing harsh boundaries to form.
The extruded membrane forms bubble in a similar way. The extrudate is cooled
by the ambient air surrounding it as it exits the die. This causes the polymer to cool from
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the outside in just like in the injection molded sample except. Since the extrudate leaves
the die slowly and with a pressure held constant for a long time, the polymer cools more
evenly and at a slower rate causing less obvious layers to form in the polymer.
During the impregnation of platinum in the membrane, it is suspected that these
layers in both of the membranes cause the platinum to be unevenly distributed throughout
the membrane. When the reduction reaction occurs, these boundaries stop platinum from
being pulled to the surface of the membrane. The reaction now sits at these boundary
layers in the membrane causing gas to be released into the membrane itself. The
membrane contains this gas causing the bubble formations.

Figure B.3: (a) injection molded sample cross-section at bubble location, (b)
extruded sample cross-section at bubble location
To combat these negative results, the manufacturing process of both the extrusion
and injection molding must be redesigned. The injection molding process requires more
pressure to injection the polymer quickly into the mold to reduce the thick cooling layers
from forming. More pressure can be achieved by reducing the diameter of the plunger
and the injection chamber. To reduce the bubble formation in the extruded membrane, it
is recommended that the extrudate should be cooled rapidly after exiting the die. This can
be done by setting up a rig where the extrudate passes through cool water after it is
extruded.
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Another investigation of the hydrolysis procedure to activate the membranes must
also be considered. The injection molded and extruded membranes in this thesis were
hydrolyzed for 3 hours. This may not be enough time for the KOH and DMSO to reach
the entire thickness of the membrane.
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